Reciprocal epithelio-mesenchymal interactions between the prospective epidermis and the underlying dermis are the major driving forces in the development of skin appendages. Feather development is initiated by a still unknown signal from the dermis in feather-forming skin. The morphological response of the ectoderm to this signal is the formation of an epidermal placode, which signals back to the mesenchyme to induce dermal condensations. Together, epidermal and dermal components constitute the outgrowing feather bud. The bHLH transcription factor cDermo-1 is expressed in developing dermis and is the earliest known marker of prospective feather tracts. To test its function during feather development, we forced cDermo-1 expression in embryonic chicken dermis using a retroviral expression vector. In featherless (apteric) regions, cDermo-1 misexpression induced dense, thickened dermis normally observed in feathered skin (pterylae), and leads to the development of regularly spaced and normally shaped ectopic feather buds. In pterylae, cDermo-1 misexpression enhanced feather growth. In hindlimb skin, according to the local skin identity, misexpression of cDermo-1 induced ectopic scale formation. Thus, we show that forced cDermo-1 expression in developing dermis is sufficient to launch the developmental program leading to skin appendage formation. We propose a role of cDermo-1 at the initial stages of feather induction upstream of FGF10. D 2004 Elsevier Inc. All rights reserved.
Introduction
Morphogenesis of skin appendages is driven by a series of reciprocal epithelio-mesenchymal interactions between the prospective epidermis and the dermal mesenchyme. In avian embryos, the development of cutaneous appendages is restricted to certain areas of the skin. Feather buds are found in feather-forming areas of the integument, the pterylae, which are separated from each other by primary featherless regions, known as apteria or semi-apteria. Accordingly, in the integument that covers the feet and the distal legs, scalebearing regions and scaleless regions can be distinguished.
Transplantation experiments have shown that the first signal initiating feather development is given by the dermis (reviewed in Dhouailly, 1977; Sengel, 1976) . However, the molecular identity of this putative primary inducer is unknown. The epidermal placodes, local epidermal thickenings, are formed in response to the primary inductive signal from the dermis and represent the first morphological manifestation of feather bud formation. In a next step, the feather placodes signal back to the underlying mesenchyme to induce dermal condensations. Ongoing molecular crosstalk between epidermal and dermal components orchestrates the coordinated spatial arrangement and regular outgrowth of the feather anlagen to form feather filaments and, finally, functional feathers.
A number of molecules that participate in feather development have been identified (reviewed in Chuong and Widelitz, 1998; Oro and Scott, 1998; Pispa and Thesleff, 2003) . The earliest known marker of the newly formed epidermal placodes is b-catenin. Forced expression of stabilized h-catenin is sufficient to induce ectopic feather buds in normally apteric regions (Noramly et al., 1999; Widelitz et al., 2000) . In the further course of development, application of various factors like Shh Ting-Berreth and Chuong, 1996) , the BMP antagonist Follistatin (Patel et al., 1999) , and FGFs (Jung et al., 1998; Song et al., 1996; Tao et al., 2002; Widelitz et al., 1996) has been shown to promote feather bud formation. Conversely, application of BMP2 has been reported to inhibit feather formation at placode stages, suggesting a possible function of BMPs in the spacing of nascent buds (Jung et al., 1998; Noramly and Morgan, 1998) . So far, however, no inducer of feather formation prior to the formation of feather placodes (i.e., during the activity of the hypothetical primary dermal inducer) has been found.
The Twist-like bHLH transcription factor cDermo-1 is expressed in subectodermal mesenchyme from the earliest stages of dermal differentiation, and is subsequently associated with the dermal mesenchyme underlying the prospective feather buds (Scaal et al., 2001) . As it demarcates the presumptive feather anlagen prior to the formation of epidermal placodes and b-catenin expression, cDermo-1 is the earliest known marker of feather development, isochronic with primary dermal induction. Earlier experiments on the regulation of cDermo-1 expression have shown that early application of BMP2 and 4 to the subectodermal mesenchyme upregulates cDermo-1 expression. Strikingly, in contrast to the inhibitory function of BMPs at later stages of feather development, early upregulation of cDermo-1 by BMPs was followed by local upregulation of epidermal b-catenin and the formation of ectopic feather buds (Scaal et al., 2002) .
Here, we investigated whether cDermo-1 has an active role in early feather development. We overexpressed cDermo-1 in the chick embryo using a retroviral expression vector (Logan and Tabin, 1998) . We found that misexpression of cDermo-1 induces ectopic feather buds in apteric regions and augments feather growth in the pterylae. Furthermore, according to the local properties of the integument (Dhouailly, 1977) , cDermo-1 misexpression in the integument overlying the feet and distal legs induced ectopic scale formation. We could show that cDermo-1 function in skin development is restricted to mesenchymal cells that underlie the ectoderm. Our results indicate that cDermo-1 is a positive regulator of the earliest signaling events leading to the primary induction of the development of cutaneous appendages in the avian embryo.
Materials and methods

Embryos
Fertilized eggs of Gallus gallus (White Leghorn) were obtained from a local breeder. For RCAS injection, virus-free SPF eggs were obtained from Charles River Laboratories. All eggs were incubated at 388C and 80% relative humidity for the required time period. Stages of embryos were determined according to Hamburger and Hamilton (1951) .
Retroviral infection
RCAS cDermo-1 and RCAN cDermo-1 were constructed to contain the entire 483 bp of the avian cDermo-1 coding region (Scaal et al., 2001) . RCAN cDermo-1 is a retrovirus of identical length that does not produce cDermo-1 protein due to a lack of the appropriate splice acceptor and can therefore be used as control. Chick embryo fibroblasts and concentrated viral stocks were prepared according to Fekete and Cepko (1993) . Concentrated viral titers were in the range of 10 9 to 4Â 10 9 cfu/ml. Viral supernatant was injected into the paraxial mesoderm of 2-day chick embryos that were subsequently reincubated for 1-8 days.
Microsurgery
Eggs at HH stages 12-18 were windowed and the vitelline membrane and the amnion were slit open in the operation field. For injections of virus-containing supernatant, a small tunnel was pierced into the embryo at the desired injection position using a tungsten needle. With the help of a pulled out Pasteur pipette, the supernatant was then injected into the tunnel. To monitor success of injection, the viral supernatant was stained with methylene-green.
The operated eggs were sealed with medical tape and reincubated for the desired period of time from 6 h to 8 days. Embryos were then inspected, sacrificed, and fixed in 4% paraformaldehyde in PBS overnight at 48C, dehydrated in graded methanol series, and stored at À208C.
In situ hybridization
In situ hybridization was performed as previously described (Nieto et al.,1996) using a cDermo-1 probe of 1.029 kb (Scaal et al., 2001 ) and a b-catenin probe of 0.800 kb obtained from C. Chuong. A fgf10 probe of 0.684 kb was obtained from Hideyo Ohuchi.
Antiviral antibody staining
Effectivity of viral infection in ovo was monitored by antibody staining using an AMV-3C2 antibody obtained from the Developmental Studies Hybridoma Bank, identifying cells infected with all strains of the avian sarcoma/ leukemia virus complex, including RCAS and RCAN.
Results
cDermo-1 overexpression leads to ectopic and enhanced feather growth
Previous work from our laboratory showed that BMPs induce ectopic cDermo-1 expression, which is followed by the formation of ectopic feather buds in primary apteric regions and leads to enhanced feather development in the pterylae (Scaal et al., 2002) . However, it remained unclear whether cDermo-1 is a mere marker of feather-forming dermis or is functional in feather development.
To test this, we overexpressed cDermo-1 in the chick embryo using an RCAS retroviral expression vector. Fortyeight hours after injection of the virus into the segmental plate, in situ hybridization revealed cDermo-1 overexpression in the paraxial mesoderm and in the subectodermal mesenchyme (Figs. 1a and b; n = 20). Transverse sections showed that cDermo-1 overexpression was correlated with increased thickness and high cell density of the dermal mesenchyme (Figs. 1c and e) as compared to the dorsolateral, nontransfected region (Fig. 1d) .
Five days after infection, that is, 3 days after the onset of ectopic cDermo-1 expression, the ectoderm in the regions of cDermo-1 overexpression showed high levels of b-catenin transcripts, which is a marker of nascent feather tracts and the onset of overt feather differentiation (Widelitz et al., 2000) ( Fig. 2a ; n = 10). Moreover, these regions displayed high levels of dermal fgf10 expression, which has been described as an early dermal factor involved in feather formation (Tao et al., 2002) (Fig. 2d ; n = 4).
Six days after infection, feather buds were observed in ectopic feather tracts located in primary apteric regions ( Fig.  3a ; n = 15). Size, shape, and pattern of the ectopic feather buds were identical with those in the neighboring pterylae, and markers of feather induction like b-catenin ( Fig. 2b ; n = 10) and fgf10 (Tao et al., 2002 ; not shown) were duly expressed. Within the regular pterylae, misexpression of cDermo-1 resulted in longer feather primordia without perturbing pattern and shape (Figs. 3b and c; n = 5).
Injections of a control retrovirus (RCAN) had no effect on the expression of cDermo-1 or b-catenin and did not lead to changes in feather development (Figs. 2c and 3d,f; n = 9).
Thus, we could show that cDermo-1 overexpression in the dermal mesenchyme is sufficient to induce normal feather development. We demonstrated that dermal cDermo-1 acts upstream of epidermal h-catenin and dermal FGF-10, hence being the earliest known positive regulator of feather development.
cDermo-1 overexpression promotes scale development in distal leg and foot skin
In the integument of the distal legs and feet, cDermo-1 is expressed in scale-forming dermis prior to and during the development of scales (Scaal et al., 2001) .
To test the effect of forced cDermo-1 expression on the formation of scales, we ectopically expressed cDermo-1 in the developing leg using the same retroviral expression vector as reported above. Eight days after infection of intertarsal joint and distal leg areas, we observed ectopic scales that expressed high levels of b-catenin (Figs. 3c and e; n = 8). In contrast, cDermo-1 misexpression in more proximal areas in the leg induced the formation of feather buds of excessive length (Fig. 3c) .
Infection with control RCAN virus did not elicit the formation of ectopic skin appendages ( Figs. 3d and f; n = 8) .
Thus, dependent on the regional quality of the skin (Dhouailly, 1977; Sengel, 1976) , cDermo-1 misexpression induces the formation of various qualities of cutaneous appendages. This suggests a role of cDermo-1 during primary dermal induction, which determines position but not quality of skin appendages.
cDermo-1 overexpression does not interfere with the process of somite patterning
In the experiments described above, cDermo-1-expressing retrovirus was injected into the segmental plate prior to somite formation. To exclude that the effects on feather formation observed are due to alterations in the development of somites, which give rise to dorsal dermis, we analyzed the development of the somites after cDermo-1 misexpression.
We infected the paraxial mesoderm of embryos with cDermo-1-RCAS and checked for the expression pattern of dermomyotomal marker genes Pax-3 (Goulding et al., 1994; Williams and Ordahl, 1994) and Wnt-11 (Marcelle et al., 1997) , the sclerotomal marker gene Pax-1 (Brand- Saberi et al., 1993; Ebensperger et al., 1995) , and the myotomal markers MyoD, Myf-5, and Myogenin (reviewed in Molkentin and Olson, 1996) . Muscle differentiation was assessed by anti-desmin staining.
Neither of these marker genes displayed any alteration in expression compared to uninfected embryos (Figs. 4a-g ), nor did we observe changes in somite morphology. We can therefore exclude that the feather-promoting phenotype after cDermo-1 overexpression is a secondary effect due to alterations in somite development. In particular, these experiments rule out a role of cDermo-1 during the recruitment of dermal precursor cells from the dermomyotome, which is thought to be mediated by Wnt11 (OliveraMartinez et al., 2002) , and exclude a functional overlap of cDermo-1 with the closely related inhibitor of myogenesis Twist (Hebrok et al., 1997; Li et al., 1995) . We conclude that the function of cDermo-1 during feather formation is restricted to the subectodermal mesenchyme.
Discussion
Feather development is a well-studied example illustrating the importance of epithelio-mesenchymal interactions in development. Pioneering studies in the laboratory of Philippe Sengel and others have dissected the reciprocal inductive interactions within the embryonic integument that converge in skin appendage formation (reviewed in Dhouailly, 1977; Sengel, 1976 Sengel, , 1990 In recent years, many of the signals involved in the complex crosstalk between dermal mesenchyme and epidermal epithelium in featherforming skin have been identified (reviewed by Pispa and Thesleff, 2003) . However, the molecular nature of the initial steps in skin appendage formation are unknown. Classical experiments established that the presence of dermis constituted of densely associated cells is necessary to enable the epidermis to participate in appendage development (Sengel, 1958) . Accordingly, dermal cell density in feather tracts is higher than in apteric skin (Wessells, 1965) . More recently, Jiang et al. (1999) have suggested from in vitro data that a certain threshold level in dermal cell density will cause local cell aggregates, which seem to be a prerequisite for the emission of an unknown dermal signal to the epidermis leading to epidermal placode differentiation. They propose a reaction-diffusion model based on the work of Turing (1952) assuming that the primary dermal signal be uniformly distributed in the prospective feather tracts, and subsequently localized to the feather anlagen by competitive promotors and repressors of placode formation. The identity of this unknown bfirst dermal messageQ (Hardy, 1992; Sengel, 1976) or primary dermal inducer will be of major interest to understand skin appendage development.
Very little is known about early dermal signaling. Several lines of evidence point to Wnt molecules as potential candidates. Wnt11 is expressed in dorsal dermal precursor cells (Olivera-Martinez et al., 2002 , our own data), and inhibition of Wnt signaling in mice impairs hair development (Andl et al., 2002; van Genderen et al., 1994) while overexpression of the Wnt-mediated transcription factor hcatenin promotes feather growth. So far, however, the nature of the primary inducer remains speculative, and no upstream regulators have been identified.
In earlier work, we have described the bHLH transcription factor cDermo-1 as an early marker of differentiating dermis that demarcates the dense dermis of the future feather tracts and shows but weak expression in prospective apteria. Prior to the onset of feather bud formation, expression in the feather tract regions is uniform. Subsequently, during early stages of feather development, its expression concentrates on the dermal compartment of the feather anlagen (Scaal et al., 2001 (Scaal et al., , 2002 . This expression pattern is highly reminiscent of the distribution of the postulated primary inducer (Sengel, 1976; see above) . Considering the dynamics of its expression, we have speculated that cDermo-1 plays an active role in featherforming dermis, possibly via cell-cell interactions during dermal densification (Scaal et al., 2002) .
Here, we overexpressed cDermo-1 in the dermal mesenchyme of chick embryos. Our results confirmed our hypothesis that cDermo-1 is involved in feather and scale development. We found that in developmental stages prior to feather bud differentiation, forced cDermo-1 expression in the subectodermal mesenchyme of chick embryos leads to thickened and dense subectodermal mesenchyme, which differentiated into dense dermis typical for feather tracts. This was observed not only in feather tract regions, which display endogenous cDermo-1 expression, but also in apteria, where endogenous cDermo-1 expression is low. Thus, cDermo-1 expression is sufficient to induce the dermal properties of prospective feather tracts.
With the onset of feather development, we observed different effects of forced cDermo-1 expression in pterylae and apteria. Within regular feather tracts, the pterylae, feather growth was augmented so that feathers on the manipulated side of the embryo were longer than on the control side. This argues for a dose-dependent featherpromoting activity of cDermo-1, leading to excess or premature onset of feather growth at locations where overlap of endogenous and experimental cDermo-1 expres- sion occurs. In primary apteric regions, overexpression of cDermo-1 induced development of ectopic feathers in a regular hexagonal array. Thus, cDermo-1 expression is sufficient to induce ectopic feather tracts. In most cases, we observed an expansion of pterylic skin into apteric regions, as virus-mediated overexpression was rather widespread. There, the hexagonal pattern of feather buds was continuous between endogenous and ectopic pterylae. These findings establish that cDermo-1 enables feather formation at early stages, prior to the patterning processes within pterylae. We propose a role of cDermo-1 in the establishment of dermal competence to induce feather development. This is supported by the timing of endogenous subectodermal cDermo-1 expression that precedes epidermal placode formation. We postulate that cDermo-1 is a positive regulator of the primary dermal inducer. The question if cDermo-1 acts directly on the dermal inducer, or enables its activity indirectly, perhaps through a role in dermal cell assembly, remains speculative.
Further evidence in favor of this hypothesis comes from our findings that cDermo-1 acts upstream of the early dermal marker fgf10 and the early epidermal marker hcatenin. Both FGF10 and h-catenin have been shown to be sufficient to induce feather formation when overexpressed; however, feather patterning and morphology in these ectopic feathers are abnormal (Noramly et al., 1999; Tao et al., 2002) . In contrast, after cDermo-1 overexpression, patterning and morphology of ectopic feathers are normal. fgf10 and b-catenin are upregulated following cDermo-1 overexpression and participate normally in feather development within ectopic pterylae. This argues for a role of cDermo-1 to convey dermal feather-forming competence, without interfering with later steps of feather patterning and morphogenesis.
We could show that cDermo-1 overexpression not only induces ectopic feather tracts, but also ectopic scale formation in the skin of distal legs and feet of chicken embryos. The local identity of skin appendages depends on local properties of the dermis and the epidermis, depending on the stage of skin maturation (reviewed in Dhouailly, 1977; Sengel, 1976) . cDermo-1 is expressed in the dermis of both feather and scale tracts (Scaal et al., 2001) . We conclude that cDermo-1 is a positive regulator of skin appendage morphogenesis irrespective of the local quality of appendages, which acts prior to the specific differentiation programs of feathers and scales.
Our results demonstrate that cDermo-1 overexpression is sufficient to launch the developmental program leading to skin appendage formation. From our data, we do not know if cDermo-1 is also a necessary factor. Data in mouse, however, are strongly supportive of a vital role of Dermo-1 in skin and hair development. The cDermo-1 murine homologue Dermo-1, also known as Twist2, was recently analyzed by loss of function experiments. Mice homozygous for a Twist2 null mutation showed elevated expression of proinflammatory cytokines, resulting in perinatal death from cachexia. Importantly, these animals displayed multiple skin defects, which included absence of subcutaneous fat, decreased dermal thickness, and few hair (Sosic et al., 2003) . These defects are in line with the overexpression phenotype described here in chick. Nevertheless, it remains to be addressed whether the observed changes in murine skin result directly from a loss of Dermo-1 in the skin or are secondary effects caused by severe cachexia. Loss-of-function experiments in the chick will be needed to clarify if similar phenotypes are observed in the avian integument.
In our experimental setup, we infected cells of the segmental plate of 2-day chick embryos with retroviral supernatant. The time point of infection needed to be chosen early to ensure sufficient retroviral infection of tissue. The segmental plate gives rise to somites, which in turn form multiple mesodermal derivatives including the axial skeleton, ribs, skeletal muscle, endothelium, and dorsal dermis (reviewed in Brand-Saberi and Christ, 2000) . Dorsal dermis derives from the dorsomedial dermomyotome. As the dorsal dermis, like other somitic derivatives, is determined by complex signaling networks from surrounding tissues (reviewed in Marcelle et al., 2002) , notably Wnt1 from the neural tube and possibly Wnt11 within the dorsomedial lip of the dermomyotome (Olivera-Martinez et al., 2001 , 2002 , it needed to be tested if the observed effects of cDermo-1 on feather tract formation were secondary effects due to cDermo-1 overexpression in somites. We could rule out this possibility as we neither observe any changes in morphology nor abnormal expression of various marker genes within different somitic compartments. Most importantly, we did not find an altered expression of Wnt11, which is a marker of emigrating the dermal precursor cells (Olivera-Martinez et al., 2002; own results) . It is thus very unlikely that dermal thickening and enlarged feather tracts observed after cDermo-1 overexpression are consequences of excess emigration of dermal precursor cells from the dermomyotome. We therefore conclude that the featherpromoting activity of cDermo-1 overexpression is restricted to the dermal mesenchyme in situ. Interestingly, we neither observed any effect of cDermo-1 overexpression on myogenic markers. This is in contrast to findings in vitro where cDermo-1, like its close homologue Twist (Hebrok et al., 1997) , has been reported to inhibit MyoD-dependent muscle differentiation (Fuchtbauer, 2002) . It remains to be addressed if this is due to differences between in vivo and in vitro conditions. In summary, we report here that overexpression of cDermo-1 in dermal mesenchyme is sufficient to induce feather-forming dermis and to launch feather development even in primary featherless regions of avian skin. In the scale-bearing skin regions, cDermo-1 induces scale development, accordingly. Our findings indicate that cDermo-1 is an early positive regulator of dermal competence to participate in skin appendage formation and the earliest known marker of prospective feather tracts. We hypothesize that cDermo-1 is directly or indirectly promoting the activity of the primary dermal inducer of feather development.
